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Using the recently developed state-of-the-art empirical bond-order potential (LCBOPII), presented in the 
companion paper [Los et al., Phys. Rev. B 72, 214102 (2005)], we study liquid carbon by Monte Carlo 
simulation. We determined the equation-of-state and local structure over a wide range of temperatures 
(4000-15 000 K) and pressures (up to 300 GPa). Comparison of the equation-of-state and local structure along 
the 6000 K isotherm with benchmark ab initio molecular dynamics data shows that LCBOPII provides accu­
rate predictions. The local coordination varies gradually from mixed two- and three-fold, via dominantly 
threefold, to mainly fourfold with increasing temperature and pressure. This provides evidence that there is no 
liquid-liquid phase separation as confirmed by the regular behavior of the pressure-density relations along the 
isotherms in the range of 5000-15 000 K. We provide an accurate fit of the pressure-temperature-density 
equation-of-state that may serve as a reference for future studies of liquid carbon.
DOI: 10.1103/PhysRevB.72.214103 PACS number(s): 81.05.Uw, 61.20.Ja, 34.20.Cf, 71.15.Pd
I. INTRODUCTION
The liquid phase of carbon provides one of the m ost se­
vere benchm arks for accuracy and transferability of the long- 
range carbon bond-order potential (LCBOPII) introduced in 
the com panion paper . 1 The ability o f carbon of having tw o­
fold (sp), threefold (sp2), and fourfold (sp3) coordinated at­
oms makes this elem ent relevant in different fields of funda­
mental science and technology. This is also the most 
challenging property of this element, in the perspective of 
the design of transferable and accurate potentials. The bond­
order potentials (BOPs) introduced in the past2 - 5  proved to 
be not sufficiently transferable to describe the liquid phase 
over a wide range in tem perature (T) and pressure (P). Some 
of those potentials showed spurious first order liquid-liquid 
phase transitions (LLPT) associated with a change of dom i­
nant coordination. It has long been suspected that elemental 
carbon might exhibit a LLPT . 6 , 7  Classical sim ulations8  based 
on the Brenner bond-order potential w ith torsional term s2 , 3  
predicted a LLPT from a twofold to a denser, fourfold coor­
dinated liquid upon compression, w ith the liquid-liquid co­
existence line starting at a m axim um  in the graphite melting 
line and ending in a critical point. The short-range potential 
o f Ref. 4  (REBO) and the short-range potential (CBOP) pre­
sented in Ref. 5 show 9  a transition to a graphitelike liquid 
along the 6000 K  isotherm. Subsequent m ore accurate den­
sity functional theory based m olecular dynam ics (DFMD) 
sim ulations1 0 , 1 1  did not show a LLPT, indicating that the pre­
dicted LLPT is spurious and should be attributed to short­
com ings of the em ployed BOPs.
Recently im proved BOPs have been introduced. A IREBO  
and A IREBO II of Refs. 12 and 13, and the potential intro­
duced by u s 1 1  (LCBOPI+) do not yield a LLPT. The design 
of LCBOPI+, an extension of an earlier potential introduced 
by som e of u s , 5  is extensively discussed in the com panion 
paper . 1 The LCBOPI+ was used in previous studies o f the
carbon phase diagram 1 4  and the structural properties o f the 
liquid . 1 1  Still, the liquid structure of the LCBOPI+ was not 
com pletely satisfactory and further im provem ents were in­
troduced as described in the com panion paper , 1 yielding the 
LCBOPII. LCBOPII has been validated to some experim en­
tal data, albeit at less extrem e conditions than those of the 
liquid state. For example, in the com panion paper 1 we have 
shown that LCBOPII reproduces accurately experim ental 
data for the reconstructed 111 diam ond surface. N ote also 
that LCB OPI+, which is related to LCBOPII, reproduces the 
experim ental graphite-diam ond m elting accurately . 1 4
The purpose of the present paper is twofold. First, we will 
com pare the LCBOPII liquid with density functional theory 
based m olecular dynam ics (DFMD) sim ulations and sim ula­
tion data from  the literature. N ote that no reliable experim en­
tal data are available at these extrem e conditions, i.e., a tem ­
perature of 6000 K  and pressures from ~ 1  to ~ 1 5 0  GPa. 
Second, we extend the D FM D  data for the liquid to a wider 
range of the phase diagram  em ploying LCBOPII, exploiting 
the fact that LCBOPII sim ulations are orders of magnitude 
faster than D FM D  simulations.
The present paper is organized as follows. In Sec. II we 
describe the sim ulation m ethods em ployed, both for the clas­
sical potentials (i.e., the LCBOPII and the LCB OPI+) and for 
DFM D. In Sec. III we describe the equation of state [EOS, 
P = P (p ,T )]  of liquid carbon, and propose a polynom ial fit 
for the EOS. In Sec. IV we present the distribution of sp-, 
sp 2-, and sp 3-coordinated sites over a w ide range of densities 
and temperatures. Our analysis shows an im pressive agree­
ment with the reference data. Subsequently, in Sec. V we 
present the radial distribution functions (rdfs) at several den­
sities and temperatures. We discuss both total rdfs and partial 
rdfs for atoms with specific coordinations. In Sec. VI we 
briefly report the behavior o f the angular distribution func­
tions at different state points. Sections III-V I are naturally 
split into two parts, the first com paring LCBOPII with refer-
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ence data, and the second w ith properties for state points not 
extensively covered in literature. We conclude in Sec. VII 
with a brief summary, conclusions, and an outlook.
II. METHODS
All the sim ulations with the LCBOPII are perform ed us­
ing the M etropolis M onte Carlo (MC) algorithm, in the con­
stant volume, num ber of particles, and tem perature (NVT) 
ensemble. System s consisted of 128 and 1000 atoms in a 
periodically replicated cubic box. The initial configurations 
were generated starting from  a cubic arrangem ent that was 
melted at the highest probed tem perature (15 000 K). Subse­
quently, the tem perature for the systems was fixed at seven 
values (15 000, 10 000, 8000, 7000, 6000, 5000, and 
4500 K), and the systems w ere equilibrated for 5 X 105  MC 
m oves per particle, followed by a production run of 106  M C 
m oves per particle. The 128 particles samples were used to 
com pare the results o f the LCBOPII with calculated DFM D 
data or with data taken from  literature. The 1000-particle MC 
sim ulations with LCBOPII w ere used to generate the bulk of 
the data presented in this paper. The local structure of the 
liquid, i.e., the coordination fractions, and the radial and an­
gular distribution functions show a negligible dependence on 
the system size. However, some collective properties, such as 
pressure and internal energy, show a small but non-negligible 
system size dependence. Typically, the 128- and 1000- 
particle systems show a pressure difference of 3% and an 
internal energy difference of 0.3%. We selected 15 
densities3 4  ranging from  3.99 X 103  to 1.73 X 103  k g /m 3. The 
lowest density was chosen to be near the graphite m elting 
line . 1 4  The pressure was calculated via virtual volum e dis­
placem ents. If  V  is the volum e of the sample, its potential 
energy is UV at a given configuration. The energy of the 
sample rescaled to a volum e V ' is then UV>. In the lim it of 
V' / V ^  1, and with V' fixed as well as V, it holds:
for the LCBOPII. Subsequently, keeping the pressure fixed, 
the coexistence tem perature for the LCBOPII can be deter­
m ined using
P  = pkBT  -
( U y  -  Uv) 
V' -  V
(1)
where (•••) denotes the average in the N V T ensemble. This 
method avoids the m easurem ent o f forces, not needed in M C 
simulations.
A  small part of the sim ulated state points is in the region 
of the phase diagram  where the liquid is m etastable with 
respect to diamond. We have used direct free-energy differ­
ence calculations to estim ate the liquid freezing line for 
LCBOPII from the freezing line of LCBOPI+ of Ref. 14, 
without repeating the full, laborious, calculation. The follow ­
ing relation yields the difference in chem ical potential for the 
two potentials at a given ( P , T) state point:
P j ii  = -  ^ l n(exp(-  p (  u lc b o p ii  — u lc b o p i+)) ) /+, (2)
where (-■ )I+ denotes the N PT ensem ble average with the 
LCBOPI+, and ¡3= 1/kBT. If  we apply this to a state point on 
the LCBOPI+ freezing line w here both coexisting phases 
have equal chem ical potential ( A j+ = 0 ) ,  w e obtain the 
chemical potential difference AJ 1 between the two phases
(3)
where h f  and h f  are the specific enthalpies [h = (U 
+ P V )/ N] of the two coexisting phases that are evaluated in 
two additional sim ulations with the LCBOPII.
U sing this procedure we determ ined the liquid-diamond 
freezing tem perature for the LCBOPII, starting from the 
LCBOPI+ liquid-diam ond coexistence point at T  =6000 K 
and P = 59.44 GPa. Em ploying Eq. (2) we obtained P A j ii 
= 0.205 at this state point. It is im portant to note that the 
distributions of both the internal energy and the volum e for 
LCB OPI+ and LCBOPII show significant overlap, and that 
the difference (ULCBOPII-  ULCBOPI+) is bound within reason­
able values: so the LCBOPI+ and LCBOPII showed to be 
rather similar in this respect. Both features are required for 
an accurate estim ate of the chemical potential difference us­
ing Eq. (2). Subsequently, the coexistence tem perature for 
LCBOPII was determ ined (T  =5505 K) em ploying a 
predictor-corrector algorithm to solve A j ii(P  , T) = 0 using 
Eq. (3). The slope of the diam ond-liquid m elting line for the 
LCBOPII was determ ined by perform ing sim ulations of the 
liquid and diam ond at the LCBOPII coexistence point and 
applying the Clausius-Clapeyron equation d T / dP= T A v / Ah. 
H ere Av indicates the volum e difference per particle. The 
slope was evaluated as 28.04 K /G P a  and appears to be near 
the value of 28.97 K /G P a  for LCBOPI+ at the same pres­
sure.
The D FM D  sim ulations w ere perform ed in the N V T en­
sem ble using the Car-Parrinello 1 5  m ethod as im plem ented in 
the c p m d  package . 1 6  The electronic structure was calculated 
using the Kohn-Sham  formulation of density functional 
theory em ploying the gradient-corrected density functional 
in its B P 1 7 , 1 8  param etrization. The system consisted of 128 
atoms in a periodically replicated cubic cell. The Kohn-Sham  
states w ere expanded in a plane-w ave basis set sampled at 
the T point in the Brillouin zone, and truncated at a kinetic 
energy (£ cut) o f 35 Ry. This cutoff ensured the convergence 
of the binding energy for small clusters within 5 k J/m o l per 
bond. We restricted the num ber of electronic states to those 
of the valence electrons by means of semilocal norm- 
conserving M artins-Troullier pseudopotentials . 1 9  We con­
structed the pseudopotential with a valence-electron configu­
ration s2p 2, using core-radii o f 1.23 a .u . for both the l =s and 
l =p  terms. The pseudopotential was transform ed into the 
K leinm an-Bylander form 2 0  with l = p  as the local term. The 
ionic tem perature was controlled via a Nose-Hoover 
therm ostat . 2 1  As in our D FM D sim ulations liquid carbon is 
metallic, a proper implem entation of the Car-Parrinello 
m ethod requires the electronic degrees of freedom to be 
coupled to a therm ostat. H ere we coupled a Nose-Hoover 
chain therm ostat to the electronic degrees of freedom with a 
target energy of 0.25 eV and a coupling frequency of 
15 000 cm -1. The target energy was estim ated using the pro­
cedure proposed by Blochl and Parrinello . 2 2  The coupling
p
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FIG. 1. (Color online) Calculated equations of state at 6000 K 
for LCBOPII and DFMD employing the BP functional. The statis­
tical error for the pressure is smaller than the symbol size. Note that 
the DFMD results for the nine highest densities are also reported in 
Ref. 11. For comparison, results obtained with the LCBOPI+ (Ref. 
11), the AIREBOII potential (Ref. 13), and DFMD employing the 
BPE functional (Ref. 10) are shown. From these last two series, a 
point at 1.28 X 1 0 3  kg/m 3 is not shown.
frequency of 15 000 cm - 1  was chosen to be within the dom i­
nant frequencies of the wave functions, determ ined from  a 
D FM D simulation with fixed ion positions. The initial points 
w ere taken from equilibrated LCBOPII configurations at the 
same density and temperature. These were equilibrated for 
about 0.5 ps, followed by a production run of 5 ps. For the 
D FM D simulations, the pressure is evaluated as
P  = pkBT  + 3  (Tr n )  + P corr (4)
where (Tr n )  is the ensem ble average of the sum of the 
diagonal elem ents of the stress tensor n . 2 3  P corr is a correc­
tion term accounting for the fact that only the bonding en ­
ergy and not the (total) Kohn-Sham  energy is converged for 
a plane-w ave basis set usually em ployed in D FM D sim ula­
tion: this gives rise to a spurious contribution to the virial, 
known as the Pulay stress . 2 4  This contribution acts as a 
downward shift. To correct for the Pulay stress, we per­
formed short sim ulations at each density, at E cut= 120 Ry, for 
which the total energy is almost converged and P corr~  0. 
P corr at E cut= 35  Ry is then the difference in (1 /3  Tr n )  b e­
tween the sim ulations at 35 and 120 Ry plane-w ave cutoff 
energy.
III. EQUATION OF STATE
A. Comparison
Figure 1 shows p - P  state points along the 6000 K  iso­
therm  obtained w ith D FM D and the LCBOPII. For com pari­
son we have also plotted results from  literature: data ob­
tained with D FM D em ploying the BPE functional , 1 0  and data 
obtained with LCBOPI+ (Ref. 11) and A IR EB O II . 1 3  The dif­
ference in calculated pressures between the two DFM D
FIG. 2. (Color online) Equations of state for the LCBOPII at 
seven different temperatures: 4500 K (circles), 5000 K (squares), 
6000 K (diamonds), 7000 K (triangles), 8000 K (plus), 10 000 K 
(crosses), and 15 000 K (stars). Each temperature is sampled at 15 
different densities. Error bars, not shown, are within the symbol 
size. The relative error is around 1 % at the highest pressure and 
increases up to 10% at the lowest (i.e., smaller than 5 GPa). The 
thick line at the bottom is the extrapolated critical isotherm, at 
1230 K. It has a horizontal inflection point at density 3.66 
X 103 kg/m 3  and pressure 41.74 GPa. The dashed line is the esti­
mated diamond melting line, starting from the calculated point 
shown as a diamond (at 5505 K, 59.4 GPa, and 3.12 X 103  kg/m 3, 
see Sec. II), and prolonged assuming constant dT /dP .
sim ulations should be attributed to the use of a different 
functional. D ifferences in E cut and pseudopotential should 
not contribute significantly to this discrepancy, as both setups 
yielded good bonding energies. Com pared to the D FM D re­
sults, LCBOPII improves the perform ance of the LCB O PI+ 
by lowering the pressure towards the D FM D  result and by 
suppressing the decrease of the slope of the density-pressure 
curve around 3.3 X 103  k g /m 3. The results for the A lREBOII 
potential1 3  are sim ilar to that o f LCBOPII. The early short- 
range potentials CBO P and REBO do reproduce the DFM D 
data for the EOS reasonably well for low densities, but fail at 
higher densities beyond the spurious LLPT. For REBO this is 
shown in Ref. 11.
B. Predictions
In Fig. 2 we have plotted the pressure-density curves of 
the LCBOPII for seven isotherms from  4500 to 15 000 K. 
Also the estim ated coexistence line is plotted. In the stable 
region all curves show a regular monotonic increase of the 
slope of the curve. In the undercooled region we observe for 
the 4500 and 5000 K  isotherms, in a small density region 
around 3.3 X 1 0 3  k g /m 3, a decrease of the slope. For 
LCB OPI+ this wiggling of the pressure-density curve was a 
pronounced feature at 6000 K  and associated with a rapid 
switching of the dom inant coordination from  three- to four­
fold. For LCBOPII the same coordination change occurs in 
the wiggling region, around 3.3 X 103  k g /m 3, of the 4500 
and 5000 K  isotherm s (see below).
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TABLE I. Parameters of Eq. (5).
c 1 : -3.22435447999 X 107 J
c2 : 9.88711221869 X 103 JK - 1
C3 : -6.05245942342 X 101 2--KJ
C4 : 1.63510457127 X 105 JK - 3
c5 : 2.53078007240 X 104 J m 3  kg- 1
c 6  : -9.47985686674 X 101 J m 3  kg- 1  K- 1
c7: 1.20616311340 X 10- 3 J m 3  kg- 1  K- 2
c 8 : -3.42300962915 X 10- 8 3--K-1gk33mJ
c9 : -2.49596407210 X 101 J m 6  kg 2
c 1 0 : -2.04475278536 X 10- 4
-
1
-
K2
1
gk66mJ
c 1 1 : -5.00834553350 X 10- 7 2
1
-
K2
1
gk66mJ
c 1 2 : 1.41814229613 X 10- 1 1 J m 6  kg- 2  K- 3
c13: 5.24835967149 X 10- 2 J m 9  kg- 3
c14: 2.60371540562 X 10- 6 J m 9  kg- 3  K- 1
c15: -3.08370110012 X 10- 6 4-gk21mJ
6
O' -2.44955788712 X 10- 1 0 -1-K4-gk21mJ
c17: 5.24072792404 X 10- 9 -5gk15mJ
c18: -3.22777913222 X 10- 1 4 -1-K-5gk15mJ
P0 : 1.35694366721 kgm - 3
We em ployed a polynom ial function to fit the calculated 
LCBOPII equation of state:
P p T )  = (p -  Po)(Cl + c 2 T + c 3t 2  + CaT^) + (p -  Po) 2 ( c 5  + c6 T
+ c7T 2  + c 8 T3) + (P -  Po)3 (c 9 + c 1 0 T + c 1 1 T 2  + c 1 2 T3)
+ (p -  p0)4(c13 + c14T) + (p -  p0)5(c15 + c 16T)
+ (p -  po)6(c17+ c18T) • (5)
The param eters o f the fit function are given in Table I and are 
obtained by minim izing the square of the difference between 
the calculated and fitted pressures. The functional form  is 
fully em pirical and designed to have a m inim um  num ber of 
param eters needed to describe all the features of the data 
points. The fit could possibly be em ployed outside the region 
of calculated state points. A  reasonable extension for the den­
sity would be a range between ~ 1 .5  X 1 0 3  and ~  4.5 
X 1 0 3  k g /m 3.
The polynom ial fit reproduces the wiggling of the 45oo 
and 5000 K  isotherm s for the undercooled liquid. It is tem pt­
ing to explore the behavior o f the fit at lower temperatures, 
beyond the region of calculated state points. A t these tem ­
peratures the liquid is even m ore undercooled. W ith decreas­
ing tem peratures the wiggles becom e m ore pronounced, 
yielding an inflection point with zero slope in the P - p  plane 
for the 1230 K  isotherm  at 3.66 X 103  k g /m 3, and 
41.74 GPa. This behavior is typical for the critical isotherm. 
A t lower temperatures, the isotherms of the fit function show 
a van der W aals loop, indicating a first-order phase transition 
associated with a density change. However, in our sim ula­
tions the system freezes below  4000 K, especially at densi­
ties higher than 3 X 103  k g /m 3. Hence it would be rather 
speculative to propose the presence of a liquid-liquid phase 
transition. Still it m ight be interesting to explore the under-
Density [ 103 kg/m3]
FIG. 3. (Color online) Comparison of coordination fractions at 
6000 K between the LCBOPII (solid lines), the LCBOPI+ (dotted 
lines), and reference data coming from our own DFMD (dashed 
lines). Data at density 2.79 X 103  kg/m 3 and higher are the same as 
shown in Ref. 11. Data at the two lowest densities were calculated 
for this publication for both DFMD and the LCBOPI+. Circles al­
ways represents twofold sites, triangles threefold, and diamonds 
fourfold. Fivefold sites are not shown but can be deduced by sub­
traction, since no atoms with a single bond (onefold) or sixfold sites 
were observed at these densities. The error bars, not shown, are 
within the symbol size, ~ 0 . 0 1  for the semiempirical potentials and 
~0.02 for the DFMD points.
cooled liquid by considering a (much) larger system size and 
perform ing careful annealing to see if  a scenario sim ilar to 
that of liquid water, w ith its speculated liquid-liquid phase 
transition hidden in the glass region , 2 5 - 2 7  would appear.
IV. COORDINATION
A. Comparison
The local coordination of atoms is determ ined by count­
ing neighbors using the smoothed cutoff functions defined 
for the LCBOPII. Specifically, we em ployed the following 
cutoff radii: atoms closer than 0.17 nm  to a given atom are 
counted as its integer neighbors, atoms further than 0 . 2 2  nm 
are not counted, and atoms in between are partially counted, 
by means of the cutoff function S‘N>wn defined in the com pan­
ion paper . 1 This implies that a coordination fraction equal to, 
e.g., three can be given also by two integer and two partial 
neighbors. Here we should note that in literature various al­
ternative definitions of the coordination fractions are em ­
ployed. These m ay yield different values for a sim ilar atomic 
configuration. Hence a direct com parison of coordination 
fractions with literature data should be done with som e care, 
a point also noted by M arks . 2 8  Figure 3 shows the coordina­
tion fractions calculated with LCBOPII and D FM D  along the 
6000 K  isotherm. For com parison also the results for 
LCBOPI+ from  Ref. 11 are shown. We see that, except for a 
slight overestimation of the threefold fractions in the low- 
density regime, the LCBOPII results reproduce the D FM D 
data very well, both for the density dependence as for the 
absolute values. The LCBOPII im proves the predictions of
214103-4
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FIG. 4. (Color online) Coordination fractions at seven tempera­
tures according to the LCBOPII. The symbol code is the same as for 
Fig. 2. Each panel shows a different coordination fraction interval, 
but vertical axes share the same unit, so that they can be directly 
compared. The error bars, not shown, would be smaller than the 
symbol size, typically around 0 .0 1 .
the LCBOPI+: at densities up to ~ 3 .4  X 10 3  k g /m 3  the 
LCBOPII predicts less threefold and m ore two- and four-fold 
sites, thus getting closer to the D FM D  data. A t higher den­
sities, w here the LCBOPI+ overestim ated the fourfold frac­
tion, the coordination fractions predicted by LCBOPII al­
m ost perfectly recover the D FM D  data. Fivefold coordinated 
atoms (not shown in Fig. 3) only appear in the high-density 
region. A t 3.75 X 103  k g /m 3  the fraction for LCBOPII is 0.1, 
slightly larger than the D FM D value of 0.07. N ote that this is 
a rem arkable achievement o f the potential, as the structures 
used to develop LCBOPII did not have fivefold coordination. 
We also note that in the high density range, short-range 
BOPs hardly show coordination beyond three. For the 
LCBOPI+ the fivefold fraction rem ained negligible. The ap­
pearance of fivefold coordinated structures in LCBOPII cal­
culations is due to the presence of the m iddle range part 
(V"1/ :  see Sec. I ID  of the com panion paper) in the potential 
and to the softening of angular correlations. In fact, in older 
BOPs as well as in the LCBOPI, a small angle such as 60° 
had a significant energetic penalty, fitted to a 1 2 -fold struc-
FIG. 5. (Color online) Comparison of the radial distribution 
functions at 6000 K and four selected densities between the 
LCBOPII (solid lines), the LCBOPI+ (dotted lines), and the refer­
ence data taken from our own DFMD simulations (dashed lines).
ture (i.e., an fcc lattice) that applied also for fivefold sites. 
W ith the LCBOPII the penalty at small angle for this lower 
coordination has been reduced [see Eq. (12) in the com pan­
ion paper]. As already shown in Ref. 11 the REBO potential 
yields a negligible fourfold fraction at all the densities: the 
threefold atoms replace the twofold upon increasing density, 
until the spurious LLPT at which all the atoms becom e three­
fold. The LLPT appears also for CBOP, but the fraction of 
fourfold atoms raises to ~ 1 0 %  before the transition. No data 
regarding coordinations in the liquid are available for AIRE- 
BOII, while the environm ent dependent potential (EDIP) in­
troduced by M arks2 9  is sim ilar to LCBOPII in reproducing 
the D FM D coordination fractions at 5000 K . 2 8
B. Predictions
In Fig. 4 we show the average coordination fractions at 
several temperatures. For clarity two-, three-, four-, and five­
fold coordination fractions are shown in different panels, re­
spectively, from  top to bottom . The fraction of sixfold coor­
dinated atoms was negligible at all sim ulated state points. 
Onefold coordinated atoms appear only in a small am ount (a 
few percent) at the lowest densities, and are not shown. Con­
sidering the density dependence, w e observe, for all tem pera­
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tures, that the atoms are mainly two- and three-fold coordi­
nated in the low density region, with the twofold sites 
gradually replaced by three- and four-fold sites upon increas­
ing density. At 6000 K the two- and three-fold fractions 
match around p=1.73 X 103  kg /m 3. Note that the maximum 
of the threefold fraction is at p — 2.75 X 103  kg /m 3  for all 
temperatures. The threefold sites are replaced by fourfold 
sites over a relatively short density range around p=3.4 
X 103  kg /m 3. The fivefold fraction only appears with a sig­
nificant fraction in the high-density region and shows a 
marked temperature dependence. This is related to the stron­
ger temperature dependence of the fourfold fraction in the 
high-density region.
V. RADIAL DISTRIBUTION FUNCTION
A. Comparison
In Fig. 5 we present the radial distribution functions (rdfs) 
g(r) obtained for the LCBOPII, LCBOPI+, and DFMD at 
four selected densities along the 6000 K isotherm. Taking 
DFMD as a reference, we see that LCBOPII is a major im­
provement with respect to the LCBOPI+. In particular the 
minimum between the first and second shell is now properly 
described. Here we should note that the rdf and the coordi­
nation fractions at p=3.75 X 103  kg /m 3  were used as a test 
system in the development of the potential. The figures also 
show that LCBOPII reproduces the DFMD values for the 
peak positions, and the height of the second and third peak. 
Only the first-peak height is slighly overestimated by 
LCBOPII, consistent with the fact that LCBOPII showed 
larger values for the higher coordination numbers (Fig. 3).
Figure 6  compares the LCBOPII rdfs for a liquid at 2.9 
X 103  kg /m 3  at four different temperatures with 64-atom 
DFMD data from Ref. 30, calculated using the local density 
approximation (LDA) functional. This figure makes clear 
that, up to 12 000 K, also the temperature dependence is well 
reproduced by LCBOPII. The temperature dependence is 
typical for a liquid: the peak heights decrease with increasing 
temperature, while minima increase, indicating a gradual loss 
of structure. It is striking that all the curves cross at the same 
points where the rdf equals 1. In fact, at —0.165, —0.230, 
and —0.285 nm, the value of the rdf is 1, regardless of the 
temperature.
B. Predictions
Figure 7 shows radial distribution functions for a wide 
range of densities at 6000 K. We see that the position of the 
first peak is rather constant, whereas the position of the sec­
ond peak moves markedly inwards with increasing density. 
This is consistent with the findings of other DFMD 3 0  and 
tight binding3 1  calculations of liquid carbon, and is also seen 
in simulations of other covalently bonded liquids . 3 2  The 
height of the first peak decreases significantly when the den­
sity goes from 1.73 X 103  to 2.79 X 103  kg /m 3. This should 
be attributed to the change in the coordination pattern, going 
from mixed two- and three-fold to mainly threefold. Upon 
further increase of the density it keeps the same height. In 
contrast, the second peak height increases gradually upon
FIG. 6 . (Color online) Comparison of the radial distribution 
functions at 2.9 X 103 kg/m 3  and four temperatures between the 
LCBOPII (top panel) and reference data taken from Ref. 30 (bottom 
panel). Solid lines are at 12 000 K, dotted lines at 9000 K, dashed 
lines at 6000 K, and dotted-dashed lines are at 5000 K.
increasing density, while the dip between these two peaks 
smoothly decreases.
C. Partial radial distribution functions
We performed a further analysis of the liquid structure by 
examining the spatial correlation between the positions of 
carbon atoms with a specific coordination. We determined 
partial radial distribution functions (prdfs) g j(r ) , defined as 
the probability of finding a j -fold site at a distance r from an 
i-fold site. We have found some dependence of the prdfs on 
the value of the cutoff radii used in the definition of neigh­
bors. However, important features such as the positions of 
peaks and minima, and the relative height of the peaks inside 
the same g j, appear to be rather independent of the cutoff 
radii. The results we present are obtained using the same 
definition of cutoff radius given in Sec. IV.
In Figs. 8  and 9 we show the partial radial distribution 
functions at 6000 K at two selected densities. At a density of 
1.73 X 103  kg /m 3  the dominant coordinations are two- and 
three-fold both appearing with an equal fraction. Figure 8  
shows that the positions of the first peaks of g 2 2  and g 3 3  are 
at 0.133 and 0.142 nm, typical for a sp  and sp 2 type of bond­
ing, respectively.
This agrees with the DFMD results of Ref. 33 
yielding an average bond length from g 2 2  of 0.135 nm at
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FIG. 7. (Color online) Radial distribution functions at 6000 K 
and four selected densities for the LCBOPII. Density 1.73 and 
3.99 X103  kg/m 3 are, respectively, the lowest and the highest 
sampled. At the lowest density twofold and threefold are present 
with the same fraction. Density 2.79 X 103 kg/m 3  shows the maxi­
mum in the fraction of threefold coordinated atoms. Density 3.44 
X 103 kg/m 3  has almost the same amount of three- and four-fold 
sites. These same densities are analyzed in their angular distribution 
functions (Fig. 10), two of them in their partial distribution func­
tions (Figs. 8  and 9).
2.00 X 103  kg /m 3  and 5000 K. The prdf among twofold co­
ordinated atoms (g22), apart from the first peak arising from 
nearest neighbors, is rather structureless. This suggests that 
there are hardly any straight chains of three or more subse­
quent twofold coordinated carbons. Conversely, a second and 
a third peak in the radial distribution appear among the three­
fold coordinated atoms (g33). The prdfs of Fig. 8  suggest the 
liquid structure to be a mixture of short bent chains and rings 
that are often mutually connected: this picture is supported
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FIG. 8 . (Color online) Partial radial distribution functions (g j  
at 1.73 X 103 kg/m 3 and 6000 K for the LCBOPII. The left panel is 
for the diagonal terms (i.e., i=j): the dashed-dotted line is for the 
g22, the dotted line for the g33, the solid line for the g44. The right 
panel is for the cross terms (i.e., i + j): the dashed-dotted line is for 
the g23, the solid line is for the g34. All the gij that are not shown are 
negligible. The total rdf is given by g = 2 ^  + 22* j g j .
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FIG. 9. (Color online) Partial radial distribution functions (g j  
for LCBOPII at 3.44 X 103 kg/m 3  and 6000 K, with almost equal 
fraction of three- and four-fold coordinated atoms. The left panel is 
for the diagonal terms (i.e., i=j): the dotted line for the g33, the 
solid line for the g44. The right panel is for the (cross) term g2 3  (i.e., 
i + j): All the gij that are not shown are negligible. The total rdf is 
given by g = 2 igü+ 2 2 i j g ; j .
by a visual inspection of liquid configurations. Some of the 
chains end at a onefold site. The relatively large first peak of 
g 3 4  shows that the small fraction of fourfold coordinated at­
oms is mainly bonded to threefold coordinated atoms. Occa­
sionally there appear isolated dimers and bent trimers, as can 
be inferred from g 1 1  (not shown) and visual inspection.
At the higher density of 3.44 X 103  kg /m 3  the dominant 
coordinations are three- and four-fold, both almost equally 
represented. Figure 9 shows substantial structure for all prdfs 
with almost equal peak heights, indicating good mixing 
among three- and four-fold coordinated atoms. For g 4 4  the 
position of the first two peaks and minima coincide with 
those of diamond. Also the ratio of the heights of the first 
two peaks, ~1.6 , is similar to that of diamond. These obser­
vations are consistent with the observation of Ref. 11 that a 
mainly fourfold coordinated liquid has a diamondlike struc­
ture up to the second shell of neighbors. The positions of the 
first peak and minimum of g 3 3  are slightly but noticeably 
smaller than those of g44. The small differences among the 
prdfs in the positions of peaks and minima should be attrib­
uted to differences in bond length for sp2 and sp 3 type of 
bonding.
At the highest density considered (3.99 X 103  kg /m 3) the 
liquid is mainly fourfold coordinated with a small fraction of 
three- and five-fold coordinated atoms. The prdfs at this den­
sity (not shown) reveal a local diamondlike structure for the 
fourfold coordinated atoms, and show that the three- and 
five-fold coordinated atoms are mainly connected to fourfold 
coordinated atoms.
The partial distribution functions at temperatures above 
and below 6000 K (not shown here) have a temperature de­
pendence similar to that of the total rdfs (Fig. 6 ), with in­
creasing temperature, peaks tend to flatten and broaden, but 
in such a way that the radial positions of the extrema are 
preserved.
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cos(6)
FIG. 10. (Color online) Angular distribution functions at 6000 K 
and four different densities for the LCBOPII. The line code is the 
same as in Fig. 7.
VI. ANGULAR DISTRIBUTION FUNCTION
The angular distribution function g (3)(cos(0)) is deter­
mined as the distribution of the cosine of angles between 
bonds to neighboring atoms. Again, we should keep in mind 
that there is some arbitrariness in the definition of neighbor­
ing atoms: we used the same definition specified in Sec. IV. 
The angular distributions for LCBOPII agree very well with 
our DFMD9,11 results, for which we could use the same defi­
nition of cutoff radius as for the LCBOPII. Compared to 
LCBOPI+, this is a significant improvement as the results of 
Ref. 11 showed that there was only a qualitative agreement 
between LCBOPI+ and DFMD, with LCBOPI+ underesti­
mating the presence of sub 90° structures. The improvement 
of LCBOPII over LCBOPI+ should be attributed to the soft­
ening of the angular part in the potential giving a lower 
energy for fourfold coordinated structures at small angles. 
Figure 10 shows the angular distributions at 6000 K at the 
same four densities of Fig. 7. At highest density (3.99 
X 103 kg/m 3) the angular distribution is peaked near the tet­
rahedral angle [cos(0) = -0 .3], typical for diamond. Decreas­
ing the density to 1.73 X 103 kg /m 3 the peak position moves 
towards a value cos(0) —-0.5 , i.e., the angle typical for 
graphite. For all densities the distribution near the peak is 
rather symmetric with a Gaussian-like shape. Note also that 
the distributions are broad, and cover angles from 50° to 
180°. At 1.73 X 103 kg/m 3 the tail at small angles features a 
local maximum around 50°. We relate this peak, that has also 
been observed in our9,11 as well as in earlier DFMD 
simulations,28,30 to nearly equilateral triangular structures. 
These peculiar triangular structures, that are present at all 
densities, occasionally merge in pairs in a rhomboidal struc­
ture. It is remarkable that LCBOPII is also able to recover 
this feature.
We also determined the angular distribution of bonds to 
the second neighbors. At 6000 K, the most prominent feature 
is a peak at 60° which appears also prominently in the angu­
lar distribution of graphite and diamond. Together with an 
average coordination of 12 s neighbors for the highest den­
sity considered this suggests, as earlier noticed by us,11 that 
metastable liquid carbon has a diamondlike structure.
VII. CONCLUSIONS
In summary, in this paper we showed the performance for 
liquid carbon of the recently introduced LCBOPII.1 We ex­
plicitly compared the equation of state, the coordination frac­
tion, and the radial distribution function of the LCBOPII 
with reference data from density functional based simula­
tions. We extended the analysis of the liquid in regions of 
pressure and temperature not covered from other reference 
data. On the basis of the equation of state, the coordination 
fractions, the radial distributions function, and the angular 
distribution functions, we show the extreme accuracy and 
transferability of the LCBOPII. Looking at the calculated 
equation of state, we argue that a (first order) liquid-liquid 
phase transition could only be found in a deeply undercooled 
liquid. It is not clear if these conditions can ever be reached. 
In simulations, this would at least require a very large system 
size and a careful cooling from a stable liquid. On the basis 
of the partial radial distribution function at a density where 
three- and four-fold sites are equally present, we provide a 
further argument against a phase separation: the alikeness of 
the partial radial distribution functions suggest, at 6000 K, a 
negligible strain energy amongst atoms of three- and four­
fold coordination.
The present results are a first application of LCBOPII in 
studies of condensed phase carbonic materials under extreme 
conditions. It is well suited for the study of various other 
types of carbonic materials. Future extensions of LCBOPII 
could involve the incorporation of other elements such as 
hydrogen, oxygen, nitrogen, and various metals. This would 
open the way to the study of advanced nanosized materials.
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